The paper presents data on the production of the 3 He nuclide in rocks under the effect of cosmic-ray particles. The origin of the nuclide in the ground in neutron-and proton-induced spallation reactions, reactions induced by high-energy muons, and negative muon capture reactions is analyzed. The cross sections of reactions producing 3 He and 3 H are calculated by means of numerical simulations with the GEANT4 simulation toolkit. The production rate of the 3 He nuclide in the ground is evaluated for the average level of solar activity at high geomagnetic latitudes and at sea level. It is proved that the production of 3 He in near-surface ground layers by spallation reactions induced by cosmic-ray protons may be approximately 10% of the total production rate of cosmogenic 3 He. At depths of 10-50 m.w.e., the accumulation of 3 He is significantly contributed by reactions induced by cosmic-ray muons. Data presented in the paper make it possible to calculate the accumulation rate of 3 He in a rock depending on depth that is necessary for the evaluation of the exposure time of the magmatic or metamorphic complex on the Earth's surface ( 3 He dating).
Introduction
Cosmogenic nuclides provide a principally important tool for studying processes on the Earth's surface. These nuclides are produced in situ in rocks composing the Earth's surface by reactions induced by cosmic radiation. Currently cosmogenic nuclides ( 10 Be, 14 C, 26 Al, 36 Cl, and others) are utilized to solve certain problems of geomorphology, glaciology, soil science, palaeoclimatology, and volcanology (Lal, 1991; Bierman, 1994; Gosse and Phillips, 2001; Dunai, 2010) . Knowing the content of a nuclide in a mineral and the production rate of this nuclide, one can calculate the surface exposure time of the rock and determine when the magmatic or metamorphic complex was brought to the modern erosion surface.
A cosmogenic nuclide can be utilized as a geochronometer only if the concentration of this nuclide in the rock is very low, and hence, the cosmogenic component can thus be discernible compared to the component captured by the rock during its crystallization. For most rock-forming minerals, these nuclides are stable isotopes of noble gases whose concentrations are very low, such as 21 Ne, 22 Ne, 36 Ar, 38 Ar, etc., including the He isotope 3 He (Porcelli et al., 2002; Dunai, 2010) . Although the content of 3 He on the Earth is very low, this isotope has long not been used for the purposes of cosmogenic geochronology (Farley et al., 2006) because He can easily migrate from the crystal lattices of rock-forming minerals (such as quartz and feldspars) even at room temperature (Shuster and Farley, 2005) . The only exception is large 'perfect' quartz crystals of hydrothermal and/or metasomatic genesis, whose rates of He loss are relatively low because of the large size of the diffusion cells (Tolstikhin et al., 1974) . Because of this, systems based on the cosmogenic 3 He isotope have been of little use until recently in evaluating the exposure tiles of rocks, except only for olivine and pyroxene xenocrysts in young lava sheets (Niedermann, 2002) . The involvement of such mineral phases as garnet, magnetite, zircon, apatite, and titanite, which preserve much He, in 3 He dating led several researchers to revise the outlooks of this technique (Gayer et al., 2004; Kober et al., 2005; Farley et al., 2006 ). This made it principally possible to evaluate the exposure time of magmatic and metamorphic complexes that were brought to the surface relatively long ago and can not hence be studied using radionuclides (Margerison et al., 2005; Evenstar et al., 2009) .
To utilize a nuclide in solving problems of geological interest, it is necessary to understand in detail the mechanisms producing the nuclide and to estimate the accumulation rate of this nuclide in the rock. The principal approaches to solving this problem are as follows: numerical simulations underlain by physical principles, irradiation experiments, and obtaining empirical information on concentrations of the nuclide in samples of naturally occurring rocks (Dunai, 2010) . Numerical calculations of the accumulation rate of cosmogenic He in rocks were reported in (Lal, 1987; Masarik and Reedy, 1995) . Since that time physical models have been remarkably revised and modified, and extensive experimental data were obtained on the fluxes of cosmic-ray particles and the cross sections of nuclear reactions.
The primary goal of our research was to analyse in detail the mechanism producing cosmogenic 3 He (including its precursor 3 H) in rocks. We have calculated the accumulation rate of 3 He in grounds due to reactions triggered by the nuclear-active and muon components of cosmic radiation. We were the first to quantify the production rate of 3 He in spallation reactions induced by cosmic-ray protons. Also, we have analysed 3 H production in the thermal neutron capture reaction by Li. We have also evaluated the contributions of various reactions to the integral 3 He accumulation rate depending on depth in the ground (metamorphic or magmatic complex).
Sources of Cosmogenic Helium
The major source of cosmogenic He on the Earth's surface is the spallation reaction induced by highenergy neutrons of cosmic rays (Dunai, 2010) . Cosmic-ray high-energy neutrons cannot enter the ground for any significant depth, and hence, cosmogenic He is produced mostly within a near-surface layer no thicker than 2 m. In studying 3 He production in rocks, one should also take into account the origin of the 3 H nuclide: the β-decay time of 3 H into 3 He is approximately 12.3 years, which is a negligibly short time span compared to the surface exposure times of rocks of interest. Another possible source of 3 He in minerals is reactions induced by high-energy muons of cosmic rays and µ − capture reactions by atoms (Lal, 1987) . Having a smaller interaction cross section than that of particles of the nuclear-active component of cosmic rays (neutrons and protons), muons are able to reach depths as great as dozens of meters. The contribution of the muogenic component to the total 3 He concentration was usually neglected (Kurz, 1986; Farley et al., 2006) .
In rocks rich in Li, much 3 H (and hence, also 3 He) is produced by the thermal neutron capture reaction by the nuclei of Li atoms (Mamyrin and Tolstikhin, 1981) . A source of thermal neutrons in grounds are the nuclear-active and muon components of cosmic rays (for the ground near the surface) and (α, n) reactions, and reactions of U spontaneous fission. Also, rocks can contain certain amounts of primary 3 He that was captured when the rocks were formed and is commonly contained in gas and gas-liquid inclusions in minerals (Mamyrin and Tolstikhin, 1981; Porcelli et al., 2002) . Accumulation of 3 He in a rock is schematically represented in Figure 1 .
Nowadays extensive experimental information is available on the concentration of cosmogenic 3 He in rocks from various localities worldwide, and the empirically determined production rate of cosmogenic 3 He in pyroxene and olivine crystals in near-surface ground layers lies within the range of 110 to 150 atoms per year per gram of material at sea level and at high geomagnetic latitudes (Amidon et al., 2009; Goehring et al., 2010; Licciardi et al., 1999 Licciardi et al., , 2006 . The possible reason for this spread is the inaccuracy of extrapolation models currently adopted for 3 He production at various altitudes and latitudes (Amidon et al., 2008; Gayer et al., 2004; Goehring et al., 2010) and also underestimation of the contribution of 3 He produced by thermal neutron capture by Li (Dunai et al., 2007) . Other possible reasons for this spread of the experimental values of the 3 He production rate are discussed in (Farley et al., 2006; To calculate the production rates of cosmogenic nuclides, it is necessary to know the fluxes of cosmic ray particles and the cross sections of the nuclear reactions. Extensive information is now available on the cross sections of reactions in which nuclides are produced by protons in various targets, but such data are usually absent for neutron and muon induced reactions (Reedy, 2013; Heisinger et al., 2002a) . We have calculated the cross sections of reactions and the energy distributions of 3 H and 3 He nuclei using the GEANT4 simulation toolkit. The data thus obtained were then utilized to evaluate the production rates of 3 He in the ground by spallation reactions of cosmic-ray neutrons, reactions induced by high-energy muons, and µ − capture reactions by atoms of the environment. In calculating the production rates of the nuclide by protons, we made use of available experimental data on the reaction cross sections. 
Numerical Simulation of the Nuclear Reactions
The nuclear reactions were numerically simulated by the GEANT4, version 10.0, simulation toolkit (Agostinelli et al., 2003; Allison et al., 2006) . Specialized commands were utilized in the numerical code to specify the model for the target and the energy of bombarding particles and physical processes of particle interaction. In our model, the target has a parallelepiped shape and is bombarded by highenergy particles: neutrons and muons. The chemical composition of the target material is assumed as the average composition of the upper crust (Rudnik and Gao, 2003) and is referred to as 'standard' ground hereafter. The contents of chemical elements taken into account in our simulations were as follows: 48.3 wt % O, 31.1 wt % Si, 8.2 wt % Al, 3.6 wt % Fe, 2.6 wt % Ca, 2.4 wt % Na, 2.3 wt % K, and 1.5 wt % Mg. The density of the ground was assumed to be 2.65 g/cm 3 . The average mass number and atomic number of the target material were 20.9 and 10.4, respectively. The production rates of the 3 H and 3 He nuclides in neutron-induced spallation reactions depend on the chemical composition of the ground: the larger the mass number of the target material, the lower the production rate (Masarik and Reedy, 1996; Farley et al., 2006) . However, the calculation errors related to the inaccuracy of the nuclear interaction models are greater than the possible errors related to the composition of the ground, and hence, we have provisionally carried out our simulations only with the 'standard' ground.
Our model makes use of standard lists of physical processes and particle interaction models FTFP_BERT_HP and QGSP_BIC_HP. These physics lists make use of different intranuclear cascade models to describe the interaction of high-energy neutrons with nuclei: Bertini's intranuclear cascade model (FTFP_BERT_HP) and the binary intranuclear cascade model (QGSP_BIC_HP). The models differ in the descriptions of the intranuclear particle cascades and hadron-hadron interaction (Heikkinen et al., 2003; Folger et al., 2004) . The interaction between muons and atoms in the FTFP_BERT_HP and QGSP_BIC_HP physics lists is described by similar models.
The cross sections of reactions producing nuclide i induced by particles k with energy E can be calculated by the formula
where N k is the number of projectile particles for which numerical simulation was conducted, N ik is the number of nuclei i produced by nuclear reactions in the target, C is the total concentration of atoms in the target material, and d is the thickness of the target. If the material of the target contains more than one chemical element, then the cross section (1) is the average cross section of nuclide production in this material. In our numerical simulations, we have calculated the average cross sections of reactions for the 'standard' chemical composition of the ground. The energy distribution of nuclei i (reaction products) was calculated as
where E is the energy of the projectile particle, N im is the number of nuclei i produced by the reaction, with the energy lying within the range [ε m − ∆ε m , ε m + ∆ε m ] and N i is the total number of produced i nuclei.
In this model, the thickness of the target d was assumed to be 1 cm for neutrons and 1 m for muons. The number of neutrons for which the numerical simulations were carried out was 3×10 7 for each particle energy value. The value of this parameter for muons is 3 × 10 6 . For high-energy particles, the condition of a thin target is valid: the free path length for neutrons before their interaction is much greater than the thickness of the target, and the ionization and radiative energy losses of the muon in the target are much lower than the muon energy.
Cross Sections of Nuclide-Producing Reactions Induced by High-Energy Neutrons
In spallation reactions, a high-energy nucleon collides with atomic nuclei of the material and knocks nucleons and light nuclei out of them. We have calculated the cross sections of reactions forming the nuclei 3 H, 3 He, and 4 He induced by high-energy neutrons in the 'standard' ground. Figure 2 displays the excitation functions for the reactions producing 3 H and 3 He. We have conducted these simulations for two physics lists: FTFP_BERT_HP and QGSP_BIC_HP. The kinetic energy of the produced nuclei lies within the broad range of 100 keV to 100 MeV. The characteristic energy of high-energy cosmic-ray neutrons is approximately 100 MeV (Gordon et al., 2004) . The ratio of the total cross section of reactions producing the 3 H and 3 He nuclides to the cross section of the reaction producing 4 He is close to 0.1 for these neutron energy values. This value characterizes the isotopic ratio of cosmogenic He produced by spallation induced by cosmic-ray high-energy nucleons. Note that cosmogenic He in stony meteorites has a 3 He/ 4 He ratio close to 0.2 . In this situation, cosmogenic He is produced by nuclear reactions induced by protons, alpha particles of galactic cosmic rays, and by secondary neutrons and protons. 
Cross Sections of Nuclide Production Reactions by High-Energy Muons
A high-energy muon spends its energy when entering a material to ionization of its atoms and molecules, bremsstrahlung, production of e + e − pairs, and photo-nuclear interaction. These processes give rise to cascades of secondary particles. Nuclides can be produced by nuclear reactions induced by secondary particles. Figure 3 shows the calculated cross sections of reactions producing the 3 H and 3 He nuclides in the 'standard' ground by high-energy muons. The simulations were made with the FTFP_BERT_HP physics list. The excitation function can be approximated by a power function
where the value of the parameter E corresponds to the energy of muons in GeV, and σ 0 is the cross section value at muon energy of 1 GeV. The calculated values of the σ 0 and α parameters are as follows: σ 0 = 0.0051 mb and α = 0.67 for the 3 H nuclide, and σ 0 = 0.0028 mb and α = 0.70 for the 3 He nuclide. According to our simulations, the ratio of the total cross section of reactions producing the 3 H and 3 He nuclides to the cross section of the reaction producing 4 He is 0.05-0.1. If the QGSP_BIC_HP physics list is employed in the simulations, the results are analogous, and the values of the cross sections are 10-20% greater.
The production of cosmogenic nuclides by high-energy muons in various materials was experimentally studied in (Heisinger et al., 2002a) . The cross sections of the reactions were measured for two energy values of muons: 100 and 190 GeV. The measured cross section values for various materials and nuclides Figure 3 : Cross sections of high-energy muon-induced reactions producing 3 H and 3 He in 'standard' ground. The dashed line is a power-law approximation. The figure also shows experimental data from (Heisinger et al., 2002a) and our calculation results for cross sections of 6 He-producing reaction on carbon. The statistical calculation errors (1σ) are 2-7% for 3 H, 2-10% for 3 He, and 3-15% for 6 He.
broadly vary from 0.001 to 10 mb, whereas the parameter α lies within the range of 0.5-1.5. The measured cross sections of the reaction in which 6 He is produced by high-energy muons on carbon are reported in (Heisinger et al., 2002a) . To test the numerical model, we have calculated the cross sections of this reaction (Figure 3 ) using the FTFP_BERT_HP physics list. The calculated and experimental data are in reasonably good agreement.
Cross Sections of µ − Capture Reactions
When passing through a material, a muon is eventually captured by one of the atoms of this material. The muon passes down to the 1s energy level, and this process is associated with the emission of X-ray photons and Auger electrons. After this, the muon either decays to an electron and neutrino or interacts with the nucleus (Heisinger et al., 2002b) . In nuclear reactions, the newly produced excited nucleus passes to its ground state and emits gamma-quanta, nucleons, and light nuclei. We have simulated µ − capture in the 'standard' ground. Let f i be the fraction of muons that stop in the ground and induce nuclear reactions that produce nuclide i. Below we calculate the production rates of the 3 H and 3 He nuclides in a near-surface ground layer by high-energy cosmic-ray neutrons and protons. The production rate of nuclide i in reactions induced by particles k is
where I k (E) is the angle-integrated differential flux of particles k, σ ik (E) is cross section of a reaction producing the nuclide, and C is the volume concentration of atoms.
In calculating the production rates of the 3 H and 3 He nuclides in spallation reactions by cosmic-ray neutrons, we utilized the cross sections of reactions evaluated by means of numerical simulation. The angle-integrated differential neutron flux in the Earth's atmosphere near the surface was compiled from (Gordon et al., 2004 ). This energy spectrum of neutrons is an approximation of measurements and pertains to high geomagnetic latitudes, sea level, and an average level of solar activity. The error of the neutron energy spectrum is no higher than 10-15% (Gordon et al., 2004) . The table reports the calculated production rates of the 3 H and 3 He nuclides induced by cosmic-ray neutrons in the near-surface layer of the ground. The ratio of the 3 H and 3 He production rates is approximately 1.5. In calculating the production rate of the 3 He nuclide by cosmic-ray protons, we utilized experimental data on the cross sections of reactions on Si, Al, Mg (Michael et al., 1989 (Michael et al., , 1995 Leya et al., 1998; Demetriou et al., 2005) , O (Bertrand and Peelle, 1973) , and Fe (Ammon et al., 2008) . The production of 3 He by protons is dominated by reactions on Si and O. For the reaction O(p,X) 3 He, one experimental value of the cross section was reported in (Bertrand and Peelle, 1973) , and hence, the calculated production rate of 3 He by protons should be regarded as an approximate estimate. The angle-integrated differential proton fluxes were borrowed from (Sato et al., 2008; Nesterenok, 2013 ). The energy spectra of protons were obtained in these publications by means of numerical simulation of cosmic ray propagation through the Earth's atmosphere. The energy spectra in (Sato et al., 2008) and (Nesterenok, 2013) are practically identical and lead to closely similar production rates of the nuclide. The ratio of the production rates of the 3 H and 3 He nuclides was assumed in the simulations to be 1 (Leya et al., 2004) . According to our evaluations, the total production rate of 3 H and 3 He by cosmic-ray protons in a near-surface ground layer at an average solar activity level at high geomagnetic latitudes and at sea level is approximately 10 atoms g −1 year −1 .
The calculated production rates of 3 He (including its precursor 3 H) by cosmic-ray neutrons and protons are approximately 45 and 70 atoms g −1 year −1 in a near-surface ground layer at sea level and high geomagnetic latitudes (the two values correspond to the physics lists used to calculate the cross sections of neutron-induced spallation reactions). For comparison, the average 3 He production rate in olivine and pyroxene obtained by measured concentrations of the nuclide in rocks is about 130 atoms g −1 year −1 at sea level and high geomagnetic latitudes (Goehring et al., 2010) . Numerical simulations of nuclear reactions still cannot be used to accurately calculate the cross sections of nuclide-producing reactions, but results of such numerical simulations can be employed to calculate the ratio of the production rates of the nuclides 3 H/ 3 He and the energy distribution of the nuclei.
For the production rate of a nuclide induced by high-energy cosmic-ray nucleons at depth z in the ground, it can be written (Masarik and Reedy, 1995) 
where z is the depth of the ground layer in mass depth units; P 0 i,h is the production rate of nuclide i in the near-surface layer, Λ h is the thickness of the ground at which the production rate of the nuclide decreases by a factor of e ≈ 2.72. Mass depth is z = ρh where ρ is the average density of the ground, and h is the depth in cm. The unit of measure of mass depth is g/cm 2 or meters of water equivalent (m.w.e.), 1 m.w.e. = 100 g/cm 2 . According to measured concentrations of cosmogenic nuclides in rock samples, Λ h = 1.5 − 1.8 m.w.e. (Farley et al., 2006; Dunai, 2010) . Figure 4 shows the production rate of the 3 He nuclide (including its precursor 3 H) induced by high-energy nucleons in the ground as a function of depth z. We assumed the following values of the parameters: P 0 i,h = 130 atoms g −1 year −1 and Λ h = 1.5. m.w.e.
The flux of cosmic-ray neutrons and protons near the Earth's surface strongly depends on the thickness of the atmosphere and geomagnetic coordinates. A number of models were suggested to describe the dependence of the production rate of the nuclide in the ground on the altitude of the location above sea level and its geomagnetic coordinates (Desilets and Zreda, 2003; Dunai, 2010; Lifton et al., 2014) .
Production Rate of 3 He by High-Energy Muons
The production rate of nuclide i by high-energy muons at depth z in the ground can be approximately expressed as (Heisinger et al., 2002a )
where σ 0 and α are the cross section and exponent for nuclide i according to (3), C is the volume concentration of atoms in the ground, I µ (z) is the angle-integrated differential muon flux at depth z, E µ is the average energy of muons at depth z in GeV, the function β(z) weakly depends on depth, β(z) ≈ 0.85. Expressions for I µ (z), E µ , and β(z) are given in (Heisinger et al., 2002a) . Figure 4 shows the production rate of the nuclide 3 He (including its precursor 3 H) by high-energy muons in the ground at sea level. The depth z at which the production rate of 3 He decreases by a factor of e ≈ 2.72 is 25 m.w.e. (or 9.5 m for a ground whose density is 2.65 g/cm 3 ).
The calculation of the production rate of nuclides in a ground by muons at different altitudes and geomagnetic latitudes is discussed in (Desilets and Zreda, 2003; Nesterenok and Naidenov, 2012a; Lifton et al., 2014) .
Production of
3 He in µ − Capture Reactions
The production rate of nuclide i in µ − capture reactions at depth z in the ground is where f µ − = 0.44 is the fraction of negative muons in the muon flux (Heisinger et al., 2002b) . Figure 4 displays the production rate of the nuclide 3 He (including 3 H) depending on depth. The depth at which the production rate decreases by a factor of e ≈ 2.72 is 13 m.w.e.
Energy Distribution of 3 H and 3 He Nuclei
The energy distribution of 3 H and 3 He nuclei produced in spallation reactions induced by cosmic-ray neutrons can be calculated as
where p im is the fraction of nuclei i ( 3 H or 3 He) whose energy is in the energy range m, E is the energy of neutrons, I n (E) is the angle-integrated differential neutron flux, and σ in (E) is the cross section of the reaction producing the nuclide, the function p im (E) was calculated in numerical simulations [see (2)]; the distribution is normalized to the production rate of the nuclide by neutrons P i,n . Figure Values along the ordinate correspond to the proportion of nuclei whose energy belongs to the energy interval. The number of energy intervals per one order of magnitude is ten; the intervals are equal in length on logarithmic scale. The statistical errors of the calculations are 1% (1σ).
3 H Production in Reaction on Li
The source of 3 He in rocks is thermal neutron capture reaction 6 Li(n,α) 3 H with subsequent 3 H β-decay into 3 He (Figure 1 ). Neutrons are produced in the ground by nuclear reactions involving alpha-particles, which are produced as a result of U and Th radioactive decays (Feige et al., 1968) . For the relative concentrations of chemical elements used in our simulations, the production rate of neutrons is approximately 1.3 year −1 g −1 per 1 µg g −1 of U and 0.6 year −1 g −1 per 1 µg g −1 of Th (Feige et al., 1968; Andrews, 1985) . Neutrons can also be formed by spontaneous fission reactions of the 238 U isotope. The production rate of neutrons in this channel is 0.5 year −1 g −1 per 1 µg g −1 U (Feige et al., 1968; Shukolyukov, 1970) . Assuming the U content to be 3 µg g −1 and that of Th to be 11 µg g −1 (Rudnik and Gao, 2003) , for the production rate of neutrons we obtain P n,U T h ≈ 10 year −1 g −1 . Note that the production rate of neutrons in rocks where U and Th are not uniformly distributed can be much lower than these estimates (Martel et al., 1990) . The nuclide produced in reactions involving radiogenic neutrons is referred to as nucleogenic.
Neutrons are produced in nuclear reactions induced by cosmic-ray high-energy muons. According to (Heisinger et al., 2002a) , the production rate of neutrons by high-energy muons can be written as P n,µf ast (z) = 4.8 × 10
The production rate of neutrons in µ − capture reactions is
In near-surface ground layers, the source of thermal neutrons is the nuclear active component of cosmic rays. As a rough approximation, the production rate of thermal neutrons of cosmic rays can be written as )
The production rate of epithermal neutrons (whose energy is lower than 1 keV) in a near-surface ground layer at an average level of solar activity at high geomagnetic latitudes and at sea level is P 0 n,h ≈ 750 year −1 g −1 ). The absorption of epithermal neutrons by material atoms and the diffusion of thermal neutrons from the ground to atmosphere were ignored in our evaluations of the production rate of the nuclide.
For the production rate of 3 H in the reaction 6 Li(n,α) 3 H, it can be written
where P n (z) is the production rate of neutrons in various processes, k is the fraction of neutrons relative to the total number of newly produced neutrons in the environment that reach thermal energies, k ≈ 0.8 − 1 (Morrison and Pine, 1955; Ballentine and Burnard, 2002) , and F Li is the fraction of thermal neutrons that react with Li. The parameter F Li depends on the relative concentrations of Li and chemical elements possessing large cross sections of thermal neutron capture (B, Gd, Sm, Cl, etc.) in the rock. According to data in (Andrews and Kay, 1982) , Teng et al., 2004) , and we made use of this value in our simulations. Figure 6 exhibits the calculated production rate of 3 H in the reaction 6 Li(n,α) 3 H. Cosmic-ray thermal neutrons produce 3 H in the upper ground layer no thicker than 10 m.w.e. At depths of 10-40 m.w.e., 3 H is generated mostly under the effect of neutrons resulting from negative muon capture. At even greater depths, the nuclide is produced first of all by neutrons produced during U and Th decays.
Discussion
Spallation reactions induced by cosmic-ray high-energy neutrons and protons are the dominant channel of 3 He production in the near-surface ground layer. The estimated 3 He production rate in spallation reactions induced by cosmic-ray protons accounts for approximately 10% of the total production rate of cosmogenic 3 He at sea level and high geomagnetic latitudes. Proton and neutron fluxes in the Earth's atmosphere differently depend on altitude and geomagnetic latitude. The contribution of protons to the overall cosmic-ray nucleon flux increases with increasing altitude above sea level and decreasing geomagnetic latitude (Sato et al., 2008; Nesterenok, 2013) . According to our evaluations, the contribution of protons to the total 3 He production rate may amount to 15-20% at altitudes of 4-5 km and low geomagnetic latitudes (Himalayas, northern and central Andes). Thus, the dependence of the 3 He production rate on the altitude of a locality and its geomagnetic coordinates is different from the analogous dependences of other cosmogenic nuclides, such as in-situ 14 C, for which the proton-induced production channel is insignificant (Nesterenok and Naidenov, 2012b) . This should be taken into account in 'calibrating' the 3 He production rate in rocks by comparing data on concentrations of 3 He and other cosmogenic nuclides. For example, anomalously high 3 He/ 10 Be ratios in rock samples from the Himalayas were reported in (Gayer et al., 2004; Amidon et al., 2008) . Current scaling models for production rates of cosmogenic nuclides at various altitudes above sea level and geomagnetic coordinates require certain adjustments when applied to 3 He (Lifton et al., 2014) . The contribution of muon-induced reactions to the overall production rate of cosmogenic 3 He is approximately 1% in the near-surface ground layer at sea level and at high geomagnetic latitudes. However, at depths greater than 10 m.w.e., the muon component is dominant in the production rate of the 3 He cosmogenic nuclide. In an arid cold climate, the erosion rate is approximately 5-10 cm/Ma (Margerison et al., 2005) . In this situation, if the rocks are exposed at the surface for a long enough time (10-100 Ma), much 3 He in near-surface ground layers is produced by cosmic-ray muons. It is also expedient to consider the contribution of the muogenic component in studying rocks that are overlain from time to time by a relatively thin snow cover. In this case, this channel producing cosmogenic He in rocks is not shielded, in contrast to channels producing 3 He in reactions induced by cosmic-ray neutrons and protons. The production rate of 3 H in the near-surface ground layer in thermal neutron capture reaction with Li is approximately 20% of the production rate of the cosmogenic 3 He nuclide at the Li concentration assumed in our simulations. Depending on the Li concentration in the rocks, this proportion may vary from 5 to 50% (Dunai et al., 2007) . At depths z > 10 m.w.e., the production rate of 3 H in reaction on Li is dominant in the overall production rate of the 3 He nuclide for the ground model discussed herein.
If the production rates of the nuclide are different in two minerals, nuclei produced in one of the minerals can be ejected into grains of the other, and hence, result in a redistribution of the reaction products between the minerals (Farley et al., 2006) . In this situation, the measured production rates should be different from the true ones. To evaluate the extent of implantation or ejection from one mineral to the other, one should know both the ratio of the production rates of 3 H and 3 He and their energy distributions. According to our evaluations, the average kinetic energy of 3 H and 3 He nuclei produced in neutron-induced spallation reactions and muon-induced reactions is about 10 MeV. For a 3 He nucleus possessing kinetic energy of 10 MeV, the path length in the ground is 70 µm, and this length for a 3 H nucleus of the same energy is 270 µm (Ziegler et al., 2010) . The path lengths were calculated using the parameters of the ground assumed in our study. These lengths are commensurable with the grain sizes used in the studies. It is also worth mentioning that the behaviour of nuclides in their tracks is different: 3 H can form chemical bonds, whereas 3 He can be lost from a mineral due to diffusion within the track (Tolstikhin et al., 1999) . Our estimates for the production rates of the nuclei and their energy distributions make it possible to more accurately describe the processes of nucleus ejection and implantation in minerals.
In our opinion, a promising approach to studying 3 He in magmatic and metamorphic complexes is measuring the concentration profiles of the nuclide at depths up to 20-40 m from the surface. It is thereby important to utilize minerals that can relatively well preserve He. In cosmogenic-He dating of minerals, these minerals should not necessarily contain radioactive isotopes (U, Th, Sm, and others), and hence, along with minerals well-known in He thermochronology, such as zircon and apatite, these techniques can also be applied to such relatively 'geochronologically new' minerals as magnetite, hematite, and titanite, which are known to well preserve He (Starik, 1961; Lippolt et al., 1993) . Considered together with theoretical calculations, an experimentally measured depth profile of 3 He concentration provides information on the relative contents of magmatic, nucleogenic, cosmogenic, and muogenic components in the overall 3 He budget in the rock and thus makes it possible not only to date the surface exposure of the rock but also to reproduce the erosion record in the area. Coupled application of this approach and conventional thermochronologic techniques (U-Th-He system of apatite and zircon and fission track dating) enables one to calculate the thermal parameters and date the surface exposure of the rock complexes. In practice, an indisputable advantage of this approach is the relative simplicity of analysis of minerals for 3 He, which does not require accelerator mass spectrometry, in contrast to analysis for 36 Cl, 10 Be, and other cosmogenic radionuclides.
Conclusions
(1) Cross sections are calculated for neutron-and muon-induced reactions producing the 3 He and 3 H nuclides. Data presented in this publication make it possible to calculate the accumulation rate of 3 He in a rock depending on its depth.
(2) Pioneering data are obtained that demonstrate that 3 He production in spallation reactions induced by cosmic-ray protons makes up approximately 10% of the overall production rate of cosmogenic 3 He in the near-surface ground layer at sea level and high geomagnetic latitudes, which should be taken into account in scaling the production rate of the cosmogenic nuclide 3 He at various areas.
(3) It is demonstrated that at depths of about 10-50 m.w.e., the muogenic component can significantly contribute the 3 He accumulation. The production of 3 He in this channel should be taken into consideration in interpreting experimental data on rocks that have been exposed at the surface for 10-100 Ma.
(4) An energy distribution is calculated for 3 He and 3 H nuclei produced in spallation reactions induced by cosmic-ray neutrons. These results can be utilized to calculate the extent of implantation and ejection of nuclei from one mineral to another.
(5) An approach is suggested for quantifying the exposure times of metamorphic and magmatic rock complexes on the Earth's surface on the basis of depth profiles of 3 He concentration.
Erratum
There is a mistake in the calculations of nuclide production rates by nucleons and fast muons by Nesterenok A.V., Yakubovich O.V., Petrology, 2016, Vol. 24, pp. 21-34 . The calculated production rates of 3 He by nucleonic component shown in their Table must be divided by rock density 2.65 g/cm 2 . The same applies to the production rate by fast muons. The production rate by protons was overestimated and constitutes about 10% after correction.
The errors mentioned above were fixed in the arxiv version of the manuscript: correct values of the production rate are presented in the Table and figures 4 and 6. 
